Purpose To elucidate additional substrate specificities of ALDH1B1 and determine the effect that human ALDH1B1 polymorphisms will have on substrate specificity. Methods Computational-based molecular modeling was used to predict the binding of the substrates propionaldehyde, 4-hydroxynonenal, nitroglycerin, and all-trans retinaldehyde to ALDH1B1. Based on positive in silico results, the capacity of purified human recombinant ALDH1B1 to metabolize nitroglycerin and alltrans retinaldehyde was explored. Additionally, metabolism of 4-HNE by ALDH1B1 was revisited. Databases queried to find human polymorphisms of ALDH1B1 identified three major variants: ALDH1B1*2 (A86V), ALDH1B1*3 (L107R), and ALDH1B1*5 (M253V). Computational modeling was used to predict the binding of substrates and of cofactor (NAD + ) to the variants. These human polymorphisms were created and expressed in a bacterial system and specific activity was determined. Results ALDH1B1 metabolizes (and appears to be inhibited by) nitroglycerin and has favorable kinetics for the metabolism of alltrans retinaldehyde. ALDH1B1 metabolizes 4-HNE with higher apparent affinity than previously described, but with low throughput. Recombinant ALDH1B1*2 is catalytically inactive, whereas both ALDH1B1*3 and ALDH1B1*5 are catalytically active. Modeling indicated that the lack of activity in ALDH1B1*2 is likely due to poor NAD + binding. Modeling also suggests that ALDH1B1*3 may be less able to metabolize all-trans retinaldehyde and that ALDH1B1*5 may bind NAD + poorly. Conclusions ALDH1B1 metabolizes nitroglycerin and all-transretinaldehyde. One of the three human polymorphisms, ALDH1B1*2, is catalytically inactive, likely due to poor NAD + binding. Expression of this variant may affect ALDH1B1-dependent metabolic functions in stem cells and ethanol metabolism.
INTRODUCTION
The aldehyde dehydrogenase superfamily (ALDH) is a group of enzymes responsible for the metabolism of a diversity of exogenous and endogenous aldehydes, ranging from the developmentally crucial retinaldehyde to acetaldehyde, a major toxic byproduct of ethanol consumption (1). ALDH1B1, first described in 1991 (2) , is a NAD + -dependent mitochondrial enzyme capable of metabolizing short chain aldehydes, including acetaldehyde (3) . Studies in humans and mice have revealed ALDH1B1 to be expressed at high levels in the liver, intestinal tract, cornea, lens, testes and, to a lesser extent, heart and lung (2, 4, 5) .
Enzymes with high amino acid similarity often share similar substrate specificities. ALDH1B1 shares 72% amino acid identity with ALDH2, and 64% amino acid identity with ALDH1A1. ALDH2 has been shown to possess three types of catalytic activity, namely aldehyde dehydrogenase, esterase, and nitroglycerin reductase (6) . ALDH1B1 has previously been reported to catalyze two of these activities: aldehyde dehydrogenase and esterase (4) . It is not known whether ALDH1B1 has nitroglycerin reductase activity. As noted, initial reports of ALDH1B1 substrate specificity indicated a preference for short chain aldehydes, including acetaldehyde and propionaldehyde (3) . More recently, Stagos and colleagues described a broader range of substrates for ALDH1B1, including acetaldehyde (Km=55 μM), benzaldehyde (Km = 50 μM), and p-nitrophenyl acetate (Km = 288 μM). Unlike ALDH2, ALDH1B1 metabolizes 4-HNE very poorly (Km=3,383 μM) but had some activity towards malondialdehyde (Km=466 μM) (5), making it unlikely that ALDH1B1 plays a large role in detoxifying these products of lipid peroxidation. Retinoic acid signaling plays a role in the development and homeostasis of many human tissues (7) . The oxidation of retinaldehyde to the biologically active retinoic acid represents another important ALDH family function and there is some evidence that ALDH1B1 may play a role in retinoic acid signaling. For example, ALDH1B1 activity may be downregulated by retinoic acid and retinaldehyde (8) , and a role for ALDH1B1 in granulocytic development of human hematopoietic stem cells has been proposed through a mechanism involving retinoic acid signaling (9) . In addition, ALDH1B1 has been shown to be a stem cell / progenitor marker in the development of the pancreas (10) . Finally, the amino acid sequence similarity between ALDH1B1 and traditional retinaldehyde-metabolizing enzymes, such as the ALDH1A subfamily, lends further support to the possibility that ALDH1B1 may play a role in these pathways.
ALDH2 plays an important role in the metabolic activation of nitroglycerin (11) , an anti-anginal drug that has been used for more than a century. Individuals lacking ALDH2 activity (e.g., those possessing the ALDH2*2 polymorphism) retain some responsiveness to nitroglycerin, suggesting the existence of alternate, ALDH2-independent pathways of activation (12) . Nitroglycerin acts as a potent inhibitor of ALDH2. Through such an action, nitroglycerin inhibits its own bioactivation (leading to its diminished efficacy with continued administration, a process called tolerance) and can cause ALDH2 dysfunction (13) .
Given the range of substrates metabolized by ALDH1B1, it is important to understand mutations that could affect its activity. Early studies found ALDH1B1 to be polymorphic (2, 14) . A search of current databases revealed three polymorphisms which are non-synonymous and present at a frequency of at least 1%-ALDH1B1*2 (Ala86Val), ALDH1B1*3 (Leu107Arg), and ALDH1B1*5 (Met253Val) ( Table I) . ALDH1B1*4 has been named, but is a silent (synonymous) mutation. ALDH polymorphisms can have significant pathophysiological sequelae. For example, a polymorphism of ALDH2, ALDH2*2, causes marked reductions in acetaldehyde metabolism and consequent flushing syndrome and ethanol avoidance in hetero-and homozygotes. Early studies in a limited number of subjects found no significant association between the ALDH1B1 genotypes and alcoholism or alcohol aversion (14, 15) . A more recent, larger study examined associations between polymorphisms in several ALDHs (including ALDH1B1) and alcoholism and cardiovascular risk factors including weekly alcohol intake, cholesterol, triglycerides, and systolic and diastolic blood pressure. Individuals with ALDH1B1*2 exhibited increased non-drinking behaviors (average of less than one drink per week), as well as increased systolic blood pressure (16) . No associations were found in ALDH1B1*3 individuals. The same research group performed a follow-up study that expanded the population used by Hussemoen et al. (2008) to include an additional 6,784 adults (17) . It examined associations between ALDH genotypes and a variety of behavioral and physiological factors including ethanol consumption behaviors and ethanol hypersensitivity reactions, such as itchy runny nose, sneezing, shortness of breath, rash, itching or swelling. An increase in the number of alcohol hypersensitivity reactions was observed in ALDH1B1*2 individuals, suggesting increased acetaldehyde toxicity, which is consistent with poorer metabolism of acetetaldehyde by ALDH1B1. As was the case in the previous study, ALDH1B1*3 polymorphisms did not correlate with any change in epidemiological parameters.
Given the number of known and proposed roles for ALDH1B1 in vitro and in vivo, and the effects that have been shown in population association studies, it is important to understand the substrate specificity of ALDH1B1 and the impact polymorphisms have on the function of ALDH1B1. Computational modeling of the binding of substrates to ALDH1B1 can be used to predict the substrate specificity of ALDH1B1 and the impact mutations may have. This modeling is facilitated and underpinned by an understanding of the well-studied and highly conserved catalytic mechanism of the aldehyde dehydrogenase activity of the ALDH superfamily. A catalytic cysteine (CYS319 in ALDH1B1) makes a nucleophilic attack on the carbonyl carbon of the aldehyde, removing a hydride ion which reduces NAD + to NADH. A glutamate (GLU285 in ALDH1B1) serves as a general base (or activates a water molecule to do so), attacking the carbonyl carbon with sulfur as a leaving group. The side chain amide nitrogen of an asparagine (ASN186 in ALDH1B1) and the peptide nitrogen of the catalytic cysteine stabilize the oxyanion in the thiochemical transition state and orient the thiohemiacetal for hydride transfer to NAD + (18, 19) . We have used computational methods to investigate the binding of known and previously unreported substrates to ALDH1B1. Using recombinant human ALDH1B1, we have characterized the enzyme kinetics of two additional substrates of ALDH1B1: nitroglycerin and all-trans retinaldehyde. Based on the results of the computational docking, we also revisited enzyme kinetics of another substrate, 4-HNE. In addition, we have created computational models of ALDH1B1 and its polymorphic variants, and docked them against known substrates in order to: 1) provide a physicochemical basis for observed epidemiological differences, and 2) predict differences in substrate specificities that might arise from polymorphic variants. We then expressed ALDH1B1 and its polymorphic variants in vitro in order to confirm the results of our in silico docking studies. Finally, we have investigated the computational models of ALDH1B1 variants to provide a mechanism for the results seen in vitro.
METHODS

Computational Modeling
Modeling was performed for a total of six proteins: ALDH1A1, ALDH2, ALDH1B1 and the variants, ALDH1B1*2, ALDH1B1*3 and ALDH1B1*5. Wild-type ALDH1B1 is sometimes referred to as ALDH1B1*1 where it might be otherwise confused with one of its variants. ALDH1A1 and ALDH2 were included in experiments as positive controls since they are established metabolizers of (22)). Once mitochondrial leader sequences are removed, ALDH1B1 is the same length as ALDH2 (i.e., 500 AA), and these sequences align with no gaps, making ALDH2 an ideal template for creating a homology model of ALDH1B1. An alignment of ALDH1B1 and ALDH2 is provided in supplemental Figure S1 . ALDH1B1*2, ALDH1B1*3 and ALDH1B1*5 were created as mutations of the ALDH1B1 homology model. Homology models were created in MODELLER 9.12 (24) . 100 models were created using random seeds and the best model was picked by DOPE score. The best model was then minimized using NAMD 2.9 (25) . Briefly, the protein was solvated with explicit water (TIP3P) molecules (30 Å minimum padding in each direction) and 20 mM MgCl 2 was added as a buffer. All molecules were typed with the CHARMM force field (CHARMM22 for proteins and CGenFF for small molecules). Energy minimization was calculated using periodic boundary conditions until the average step size was less than 0.001 kcal (approximately 50,000 steps). Minimization was performed twice, first with the protein held rigid to minimize the solvent only, and then with the entire system allowed to move. Substrates were prepared using MGLTools (v1.5.6) and then docked into homology models using AutoDock Vina (v1.1.2) (26) 100 times using random seeds. Ligands were treated as flexible, but isomerization was not allowed, e.g. from all-trans retinaldehyde to 9-or 13-cis retinaldehyde. Hydrogen bond lengths and angles were measured between substrates and critical amino acids (with a cutoff of 3.5 Å) using the BINANA python script (27) , with minor modifications to output values that were calculated internally but not reported in the published script. Among the multiple poses found for each protein-substrate interaction, the best pose was selected from those poses that made two critical interactions: hydrogen-bonding of the side-chain amide nitrogen of asparagine (ASN186) and the peptide nitrogen of the catalytic cysteine (CYS319) to the carbonyl oxygen of the substrate. Where multiple poses were found that met this requirement, the pose that had the minimum hydrogen bond distances and maximum AHD and HAY bond angles for these interactions was chosen. The best poses (approximately 10) for each substrate/protein interaction were chosen and subjected to energy minimization as described above. The highest ranked final pose was selected from the minimized poses using the same criteria described above.
Interaction energy (i.e., the sum of pairwise Van der Waals and electrostatic energy between the ligand and protein) was calculated for each final minimized docking pose using NAMD.
The cofactor NAD + was also docked into ALDH1B1 and variant homology models as described above. Hydrogen bonds between cofactor (NAD + ) and ALDH protein were measured up to 3.5 Å in length. The best pose was selected based on interactions and similarity to positioning reported in the literature for other ALDHs (18) . As a crude measure of the position of NAD + relative to the substrate, the distance between the carbonyl oxygen of the docked pose of propionaldehyde and the center of the nicotinamide ring of the docked pose for NAD + was measured. As a measure of hydrogen bond conservation, the number of amino acids making hydrogen bonds to NAD + were counted as described previously for ALDH2 by Steinmetz and colleagues (18) .
The root mean square distance (RMSD) between the α-carbon of amino acid residues of wild-type vs. variant proteins was measured for individual amino acids, for each element of secondary structure, and for the entire protein using MODELLER 9.12. Overlays of wild-type vs. variant proteins were created using structural alignments performed by Discovery Studio Visualizer (Accelrys, San Diego, CA).
ALDH Substrate Metabolism In Vitro
Recombinant human wild-type ALDH1A1, ALDH1B1, and ALDH2 proteins were expressed in SF9 cells and purified by FPLC as described previously (4). ALDH1B1 and ALDH2 were activated by incubation in 50 mM β-mercaptoethanol for 1 h in quantities to yield 1 mM β-mercaptoethanol in the final reaction. ALDH1A1 does not require pre-activation, so β-mercaptoethanol was added with reaction buffers to achieve a final concentration of 1 mM.
To monitor the metabolism of nitroglycerin over time, 20 μM nitroglycerin (5 mg/mL, ethanol 30% v/v, propylene glycol 30% v/v-American Reagent Inc., Shirley, NY) was added to 25 μg ALDH protein in a buffer containing 1 mM NAD + , 1 mM glutathione and 1 mM dithiothreitol. Reactions were performed in triplicate. Aliquots of reaction mixtures were taken at 0, 1, 2, 5, 10, 30, 60, and 120 min. Reactions in aliquots were quenched by adding 50:50% ice-cold acetonitrile / water, centrifuged at 15,000 RPM for 15 min in a microcentrifuge, and then analyzed by ultra performance liquid chromatography (UPLC). Negative controls (buffered system with no ALDH protein) were included. UPLC analysis (Acquity UPLC, Waters, Milford, MA) of nitroglycerin metabolites was performed using a BEH C18 column (1.7 μm). The UPLC reverse phase consisted of a linear gradient of 0% to 95% B using the solvents-A: 100% acetonitrile and B: 95% water / 5% acetonitrile. Quantitation was performed by comparing peak areas against standard curves of nitroglycerin, 1,2 DNG and 1,3 DNG.
To determine kinetic parameters of all-trans retinaldehyde metabolism, 2.2 μg of activated ALDH protein (or no-enzyme controls) were added to a solution of all-trans retinaldehyde (3.9-62.5 μM) in a sodium-pyrophosphate buffer containing 1 mM NAD + and 1 mM pyrazole (N=7). These experiments were performed under minimal light conditions. After incubation for 30 min, reactions were quenched by adding 50/ 50% ice-cold acetonitrile / 1-butanol containing the internal standard retinyl acetate, and then extracted and analyzed as described previously (28) . Samples were analyzed by UPLC using a mobile phase of 79.5% acetonitrile, 0.5% acetic acid, and 20% water. Quantitation was performed by comparing peak areas against standard curves of retinoic acid, retinaldehyde and retinyl acetate. Kinetic parameters were calculated using SigmaPlot 12 (Systat Software, Inc., San Jose, CA).
To determine the kinetic properties of 4-HNE, 10 μg activated ALDH protein was added to a solution of 4-HNE (2-128 μM) in a sodium-pyrophosphate buffer containing 2 mM NAD + and 1 mM pyrazole (N=4). Production of NADH, used to measure ALDH catalytic activity, was monitored spectrophotofluorometrically at 450 nm (exCitation 340 nm; SpectraMax Gemini EM) and normalized to a NADH standard curve. The reaction was monitored and provided a linear increase in NADH from 5 min post substrate addition to 30 min.
ALDH1B1 Polymorphisms
ALDH1B1 polymorphic variants were retrieved from listings in the Uniprot, NCBI's refSNP, and GeneCards databases (29) (30) (31) . Three variants were found that were nonsynonymous and with a population frequency exceeding 1%. Sequences were downloaded from the Uniprot database. In this study, amino acids are numbered from the beginning of the translated protein sequence, which include the 17 amino acid mitochondrial leader sequence in amino acid numbering. In some databases, amino acids are numbered without the leader sequence, e.g. ALDH1B1*2 A86V may be listed in some references as A69V. Frequency data were obtained from NCBI's refSNP database. Variant frequency data by race were obtained from NCBI's refSNP database by combining HapMap3 data into the major racial groups African (AFR), Asian (ASN), European (EUR), Indian (IND), and Mexican (MEX).
Generation of ALDH1B1 Variant Proteins In Vitro
Human ALDH1B1 cDNA (NM_000692.3) was purchased from Origene (Rockville, MD) (5). To remove the mitochondrial leader sequence from ALDH1B1, Y19 was mutated to MET, creating an NdeI restriction site. The modified cDNA sequence was then cloned into the pET-15b vector using NdeI and BamHI restriction sites. The expressed protein is HIStagged and has the modified sequence MGSSHHHHHHS SGLVPRGSHMSSA… where the underlined MET replaces Y19 and begins the native human ALDH1B1 sequence. This modified plasmid was created and generously provided by the laboratory of Dr. Tom Hurley (Indiana University, Indianapolis, IN). The pET-15b hALDH1B1 plasmid was transformed into E. coli BL21-DE3 Tuner cells.
Cells were expressed in 6 l batches by seeding 15 ml of LB broth (all media was supplemented with 100 μg/ml carbenicillin) with culture from glycerol stocks and growing overnight at 37°C (all growth periods were performed with shaking). This 15 ml culture was centrifuged to remove media then resuspended in 90 ml fresh LB broth and grown for 3 h at 37°C. 15 ml of this culture was added to each of 4 flasks containing 1.5 l media and then grown at 37°C to 0.8 OD600. Flasks were cooled to 16°C and then induced with 0.1 mM IPTG and grown at 16°C for 24 h. Cells were harvested by centrifugation at 5,000 RPM for 15 min and frozen overnight at −80 C. Pellets were thawed and resuspended in a lysis buffer (20 mM Hepes pH 8.0, 0.5 M NaCl, 2 mM β-mercaptoethanol) containing protease inhibitors (cOmplete protease inhibitor cocktail; Roche, Indianapolis, IN) and 1 mg/ml lysozyme (from chicken egg white; SigmaAldrich, St. Louis, MO) by gentle shaking at room temperature for 30 min. The cell suspension was subjected to 4 freezethaw cycles, i.e., complete freezing in liquid nitrogen followed by thawing in a shaking water bath at 37°C. The suspension was drawn through an 18G needle 10× to shear genomic DNA followed by brief sonication to complete shearing. This solution was ultracentrifuged at 35,000 RPM for 1 h. The cleared lysate was then purified using a Ni-NTA column by applying the lysate to the column and washing with 10 column volumes of lysis buffer containing 10 mM imidazole followed by 5 column volumes lysis buffer containing 60 mM imidazole. Protein was eluted with 5 column volumes of lysis buffer containing 250 mM imidazole and concentrated / desalted using centrifugal filter units (Amicon Ultra; SigmaAldrich, St. Louis, MO) in 10 mM Tris buffer (pH 7.8). Human ALDH1B1 was verified by denaturing gel electrophoresis (SDS-PAGE) followed by either Coomassie Blue staining or immunoblotting with human ALDH1B1 antibodies (data not shown).
Variant plasmids for ALDH1B1*2, ALDH1B1*3 and ALDH1B1*5 were created by Custom DNA Constructs (University Heights, OH) via site-directed mutagenesis and verified by nucleotide sequencing. Variant proteins were expressed and purified as above.
To determine the specific activity of bacterially expressed ALDH1B1 and variants, ≈20 μg activated ALDH protein was added to a solution of propionaldehyde (10 mM) in a sodiumpyrophosphate buffer containing 2 mM NAD + and 1 mM pyrazole (N=4). Production of NADH, used to measure A L D H c a t a l y t i c a c t i v i t y , w a s m o n i t o r e d spectrophotofluorometrically at 450 nm (exCitation 340 nm; SpectraMax Gemini EM) and normalized to a NADH standard curve. The reaction was monitored and provided a linear increase in NADH from 5 min post substrate addition to 30 min.
RESULTS
Molecular Modeling of ALDH1B1 Substrate Binding
As noted, ALDH2 was used as a positive control because it is known to efficiently metabolize propionaldehyde (Km 2.4 μM (32)), 4-HNE (Km 0.9 μM (33)) and nitroglycerin (Km 11.3 μM (34)). ALDH1A1 was used as a positive control for all-trans retinaldehyde, but is also known to metabolize propionaldehyde (Km 21.0 μM (35)), 4-HNE (Km 1.7 μM (33)) and nitroglycerin. ALDH1B1 has previously been shown to metabolize propionaldehyde efficiently (Km 14.0 μM (4)). Poses containing the two critical hydrogen bonds (ASN, CYS, described above) were identified. Poses without these interactions were scored as non-interacting. Table I lists hydrogen bond lengths found (up to 3.5 Å), as well as calculated interaction energies between the substrate and protein. Apparent binding affinity (Km) is also listed if they have been experimentally determined. Although there is no direct correlation between interaction energies or poses and Km, each of the positive control substrates had Km values in the lower micromolar range, indicative of relatively strong binding. Each of the four substrates bound to ALDH1A1 with appropriate docking poses. Similarly, for ALDH2, poses were found for propionaldehyde, 4-HNE, and nitroglycerin. No appropriate docking pose was found for all-trans retinaldehyde with ALDH2, which was expected since ALDH2 has a much narrower substrate binding pocket than ALDH1A1, making it less likely to accommodate larger substrates. Each of the four substrates correctly bound to ALDH1B1 (ALDH1B1*1). Figure 1 shows two dimensional representations of the binding poses for each substrate with ALDH1B1. Additional three dimensional representations of these poses are presented in supplemental Figure S2 . Multiple hydrophobic interactions were found for all-trans retinaldehyde, and to a somewhat lesser extent 4-HNE and propionaldehyde. ALDH1B1 has been previously shown to metabolize propionaldehyde, but was reported to have a poor affinity for 4-HNE, which was inconsistent with the appropriate docking poses that were consistently found. Additionally, good docking poses were found for the untested substrates all-trans retinaldehyde and nitroglycerin. To verify the functional implications of these in silico results, we examined the metabolism of 4-HNE, all-trans retinaldehyde and nitroglycerin by ALDH1B1 in vitro.
Metabolism of all-trans Retinaldehyde by ALDH1B1 In Vitro
All-trans retinaldehyde is an established substrate for ALDH1A1. In the present study, ALDH1A1 metabolized all-trans retinaldehyde with a Km of 26.8±7.1 μM and a Vmax of 74.2 ± 23.6 nMol/min/mg protein. ALDH1B1 had a similar Km of 24.9±10.7 μM and a lower Vmax of 20.0 ± 7.6 nMol/min/mg protein for all-trans retinaldehyde (Table II) .
Metabolism of 4-HNE by ALDH1B1 In Vitro
In this study, ALDH1B1 metabolized 4-HNE with a Km of 18.5±4.1 μM and Vmax of 10.3±0.4 nmol/ min/mg protein (Table II) .
Metabolism of Nitroglycerin by ALDH1B1 In Vitro
At a 20 μM substrate concentration, ALDH1B1 metabolized nitroglycerin to 1,2-DNG and 1,3-DNG at rates comparable to ALDH2 (Fig. 2) . Rates of 1,2 DNG production by both enzymes declined sharply after 10 min without depletion of nitroglycerin (data not shown), which is consistent with inhibition of these enzymes by nitroglycerin. Initial rates of catalysis were calculated for both enzymes at 10 min. ALDH2 produced 0.20±0.02 nmol 1,2-DNG/min/μg protein, and 0.09±0.02 nmol 1,3-DNG/min/μg protein. ALDH1B1 produced 0.16±0.06 nmol 1,2-DNG/min/μg protein, and 0.12 ±0.03 nmol 1,3-DNG/min/μg protein. For both enzymes, rates of 1,2-DNG production was higher than rates of 1,3-DNG production (ratios of 1,2-DNG/1,3-DNG for ALDH2 and ALDH1B1 were 2.3, and 1.4, respectively).
Human Polymorphisms of ALDH1B1
Three polymorphic variants of ALDH1B1 were found in sequence databases that caused amino acid changes and were present at frequencies of greater than 1%. These include ALDH1B1*2 (A86V-dbSNP: rs2228093), ALDH1B1*3 (L107R-dbSNP: rs2073478), and ALDH1B1*5 (M253V-dbSNP: rs4878199) (Table III) . Population frequencies found in the 1000 genomes project and the HapMap3 project and frequency by race are provided in Table III . The frequency of mutations varied between the races such that the ALDH1B1*2 variant are the most common in Asian and Mexican populations and the ALDH1B1*3 variant was most common in African, European and Indian populations. The ALDH1B1*5 was least frequent in the Asian, European, Indian and Mexican populations (Table III) . The mutations in all three polymorphic variants are present in the NAD + binding domain of ALDH1B1 (Fig. 3a, Figure S1 ). By homology to ALDH2 (18) , ALDH1B1*2 is located in the αA helix, and the amino acid side chain faces inward toward the core of the protein (Fig. 3b, c, Figure S1 ). ALDH1B1*3 is located on the αB helix and faces outward at the surface of the protein (Fig. 3b, c, Figure S1 ). ALDH1B1*5 is located on the loop between the αF helix and β10 sheet and faces outward at the surface of the protein (Fig. 3b, c, Figure S1 ). None of these substitutions are at positions that are involved in the monomer-monomer (dimer-forming) or dimer-dimer (tetramer-forming) interfaces. It should be noted that while ALDH1B1*3 (L107R) does not participate in the interfaces directly, ASN106 forms a hydrogen bond across the dimer axis. This residue is part of an α-helix secondary structure, and thus the residue at position 107 is rotated away from this interface and faces outwards in a tetramer homology model a b c d Fig. 1 Representative docking poses for substrates of ALDH1B1. Amino acids of ALDH1B1 that make hydrogen bonds to the substrate are displayed and labeled in green (hydrogen atoms and bond order are not shown). Amino acids that make hydrophobic interactions with the substrate are labeled in black. Key: Carbon-black, Oxygen-red, Nitrogen-blue, Sulfur-yellow. This figure was created in LigPlot+(v1.4.5) (36). (data not shown), and is unlikely to interact directly across this interface.
Computational Modeling of ALDH1B1 Polymorphisms
The substrates propionaldehyde, 4-HNE, all-trans retinaldehyde, and nitroglycerin were docked into homology models of ALDH1B1*2, ALDH1B1*3, and ALDH1B1*5 as described above. Poses similar to ALDH1B1*1 (wild-type) were found for all polymorphism / substrate combinations with the single exception that no appropriate docking pose was found for ALDH1B1*3 with all-trans retinaldehyde (Table I ). Figure 4 shows the homology model of ALDH1B1*3 superimposed upon the docked pose of all-trans retinaldehyde into ALDH1B1*1. It shows that the likely reason that no docking poses for all-trans retinaldehyde were found with ALDH1B1*3 was that in the homology model of ALDH1B1*3, a loop comprising amino acids 472-478 was shifted 2.4 Å towards the substrate binding pocket compared to wild-type, leaving insufficient room for docking of the bulky substrate. However, it should be noted that this loop is part of the dimer-forming interface. In the current study, ALDH1B1 is modeled as a monomer, and this allows extra flexibility in loops that would normally be stabilized by interactions between subunits. Thus, without further information, it is likely that this shift represents an artifact of modeling rather than a consequence of the polymorphic variant. Given that the human polymorphisms were all located in the cofactor binding domain, NAD + was also docked against ALDH2, ALDH1B1, and each variant of ALDH1B1. ALDH2 was used as a positive control since it has a known crystal structure with cofactor (NAD + ) bound. The binding poses for ALDH1B1 and its polymorphic variants were compared with hydrogen bond interactions reported by Steinmetz and colleagues (18) (Table IV) . No individual docking experiment in silico was able to reproduce the exact binding pose reported for the crystal structure of ALDH2. However, each of the docking experiments reproduced five of the seven known hydrogen bonding interactions, with the exception of ALDH1B1*2 which only reproduced four. Notably, ALDH1B1*2 was the only protein that did not reproduce any of the three hydrogen bonding interactions nearest the substrate, i.e., LEU283, GLU416 and TRP185. As a crude measure of the position of NAD + relative to the substrate, the distance between the carbonyl oxygen of propionaldehyde and the center of the nicotinamide ring of NAD + was measured. For reference, in the literature, the measured distance for the hydride transfer pose for NAD + for ALDH2 is 4.7 Å, and the hydrolysis pose for NAD + has a distance of 7.9 Å (PDB ID: 1O00B and A, respectively, (21)). The distances calculated for ALDH1B1 and variants are presented in Table IV . The docked pose of ALDH1B1 and ALDH1B1*3 had calculated distances similar to that of the known hydride transfer pose. However, ALDH1B1*2 and ALDH1B1*5 both had distances more than double the distance of ALDH1B1, indicating that the docked pose placed Table IV ), but were differentiated by their placement of the nicotinamide ring and the adenine base. The pose that most resembled known interactions was ALDH1B1*3 which correctly oriented the nicotinamide ring towards the substrate and the adenine base in the cleft between the αF and αG helices (Fig. 5) . ALDH1B1 was positioned similarly but had the adenine base projecting out of the binding cleft towards the exterior of the protein. For ALDH1B1*5, both the nicotinamide ring and the adenine base projected outwards away from their binding clefts. Finally, the binding pose for ALDH1B1*2 was completely unsuitable, and reversed in overall orientation. The RMSD between Cα for each variant was calculated for each residue and overall for each variant protein compared to the wild-type protein (Table V) . The overall RMSD for each protein was between 0.72 and 0.97 Å. indicating that major deformations of the proteins due to the mutations are unlikely. This is also supported by similar overall minimization energies for the proteins ( Figure S3 ). The RMSD for individual secondary structures was also low, similar to that seen between whole proteins (data not shown). When comparing the individual amino acids involved in binding NAD + , ALDH1B1*3 is most similar to ALDH1B1*1, with only one amino acid (SER263) with an RMSD greater than 1 Å, which is also shifted in each of the other variants. Both ALDH1B1*2 and ALDH1B1*5 have shifts in the LEU286 amino acid residue compared to wild-type. In both cases, the shift is away from the cofactor making interaction less likely. ALDH1B1*2 also has a shift in GLU416 towards the cofactor, likely disrupting the binding pocket further. In terms of these binding metrics, an overall binding suitability of ALDH1B1*3 > ALDH1B1*1 > > ALDH1B1*5 > ALDH1B1*2 is proposed. However, it is important to recognize that, due to the multitude of possible interactions and the flexibility of NAD + , multiple configurations are likely to exist in vivo.
Recombinant Expression of Human ALDH1B1 and Variants
The approximate yield of ALDH1B1 and variants were similar at approximately 75 μg protein/l culture. Attempts to enhance the yield were unsuccessful as increased protein expression inevitably increased the insoluble fraction of the protein. This is consistent with the suggestion that expression of similar ALDH isozymes in this family is chaperone-dependent (38) . ALDH1B1 and all variant proteins appeared as a double band between 55 and 58 kDa on SDS-PAGE (Fig. 6 ). This has been previously observed when ALDH1B1 is expressed in a eukaryotic system (4). Immunobloting of ALDH1B1*1 protein using antibodies against human ALDH1B1 were successful and specific (data not shown). The specific activity of ALDH1B1 using propionaldehyde as a substrate and NAD + as a cofactor under saturating conditions was 1,004±2 nmol/min/mg protein. The specific activities for the variants were 0 nmol/min/mg protein for ALDH1B1*2, 1,048 ± 39 nmol/min/mg protein for ALDH1B1*3, and 962 ± 32 nmol/min/mg protein for ALDH1B1*5. There was no significant difference between the specific activities of ALDH1B1*1, ALDH1B1*3 and ALDH1B1*5 using an ANOVA and n=3 (Fig. 6) .
DISCUSSION
ALDH1B1 Substrate Specificity
Computational modeling was used to investigate the substrate specificity of ALDH1B1. In these studies, previously examined GLU416x3  GLU416  GLU416  GLU416  TRP185  TRP185  TRP185  TRP185  SER263  SER263x2  SER263  SER263x2  SER263  GLU212  GLU212  GLU212  GLU212  GLU212  GLU212x2  LYS209  LYS209  LYS209  LYS209  ILE183 ILE183 ILE183 ILE183 (propionaldehyde and 4-HNE) and untested (nitroglycerin and all-trans retinaldehyde) substrates were all found to have favorable docking poses for ALDH1B1 in silico. Based on these results, additional enzyme kinetics studies were performed in vitro to verify the predicted metabolism of all-trans retinaldehyde and nitroglycerin. Moreover, 4-HNE, which was included in the in silico studies as a poor binder based on the previously reported apparent Km of (3,383 μM) (4), made favorable docking interactions in silico, so the kinetics of 4-HNE were revisited as well.
These studies revealed ALDH1B1 to be capable of metabolizing two previously untested substrates, nitroglycerin and all-trans retinaldehyde. Nitroglycerin is metabolized to 1,2 DNG and 1,3 DNG by both ALDH2 and ALDH1B1. A sharp decline in DNG formation occurred after the first 10 min for both ALDH isozymes, suggesting that, like ALDH2, ALDH1B1 is subject to rapid inhibition by nitroglycerin (39) . This has potential therapeutic implications. First, nitroglycerin is bioactivated through metabolism by A L D H s a n d 1 , 2 D N G i s t h o u g h t t o b e t h e pharmacologically-active metabolite (40) . Inactivation of ALDH2 is thought to underlie the diminishing vasodilator activity of nitroglycerin observed with maintained nitroglycerin exposure or therapy (39) . The present results suggest that this may also apply to ALDH1B1. Second, by inhibiting ALDH2 and ALDH1B1, nitroglycerin treatment may adversely affect other physiological processes reliant upon the catalytic activity of these enzymes, such as the development and differentiation of cells due to retinoic acid signaling and the detoxification of exogenous and endogenous aldehydes. In the present study, 1,2 DNG was formed preferentially compared to 1,3 DNG by both ALDH1B1 and ALDH2, but not by a very large extent. This may indicate that, under the experimental conditions utilized, the enzymes were saturated, which has been shown to reduce product specificity in ALDH2. Although the present results are valuable in providing the first demonstration of the capacity of ALDH1B1 to metabolize nitroglycerin, limitations in the sensitivity of UPLC methods utilized in the present study prevent the determination of kinetic properties (i.e., Km and Vmax) for the metabolism of nitroglycerin by ALDH1B1. Future studies using LC/MS will be performed to better define the kinetic properties and the ratio of metabolites created by ALDH1B1 at lower, sub-saturating nitroglycerin concentrations. The inactivating ALDH2 polymorphism, ALDH2*2, has been shown to have 7-10 fold lower activity against nitroglycerin than the wild-type ALDH2, similar to the reduced activity seen for this isozyme for aldehyde substrates (34, 41) . Nevertheless, a study in individuals with ALDH2*2 genotypes found that sublingual nitroglycerin retained efficacy in 36.1% of individuals (compared with 81.1% in wild-type ALDH2 individuals) (12) . This suggests the presence other enzymes capable of catalytically-activating nitroglycerin. The results of the present study support the hypothesis that ALDH1B1 may be one such enzyme and may serve as an important contributor to the efficacy of nitroglycerin in vivo.
All-trans retinaldehyde is known to be metabolized by ALDH1A1. The present study found the kinetic properties of ALDH1A1 for catalyzing all-trans retinaldehyde to have a Km of 26.8 μM and a Vmax of 74.2 nmol/min/mg protein, a result somewhat higher, but similar to previous reports (e.g. Km=8.1 μM (42)). Consistent with the computational data, ALDH1B1 showed favorable kinetics for retinaldehyde metabolism in vitro. ALDH1B1 was found to have a similar Km of 24.9 μM but a lower Vmax of 20.0 nmol/min/mg protein than ALDH1A1 for all-trans retinaldehyde. Given the role of retinoic acid signaling in cell development and differentiation, these results, when combined with ALDH1B1 associations with development of hematopoietic stem cells (9) and recent reports that ALDH1B1 may be a cancer stem cell marker (43) , suggest that ALDH1B1 may play a role in development and differentiation. Should this indeed be the case, disruption of such a function by inactivating mutations would be predicted to have physiological and pathophysiological consequences.
As noted, computational analyses in the present study showed 4-HNE to have a favorable docking pose with ALDH1B1. This seems inconsistent with the previous observation that 4-HNE is a poor substrate for ALDH1B1 with an apparent Km of 3,383 μM and a Vmax of 2,043 nmol/min/ mg protein (4) . In the present study, ALDH1B1 was shown to metabolize 4-HNE with higher affinity (Km=18.5 μM) but lower throughput (10.3 nmol/min/mg protein) than the previous study. In spite of these differing parameter values, our observed Vmax/Km of 0.56 is very similar to that previously reported (0.60) by Stagos and colleagues. The discrepancy is likely due to longer kinetic runs and the more sensitive measurements (fluorescent vs. visible absorbance spectrometry), which were better able to precisely measure the low activity in vitro. Thus, while the previously reported conclusion that 4-HNE is a poor substrate for ALDH1B1 remains valid, this new information is of particular relevance to studies which attempt to model or generalize the binding of substrates to ALDH1B1.
ALDH1B1 Polymorphisms
Three human ALDH1B1 variants were discovered that met the criteria of polymorphism (i.e., >1% frequency and nonsynonymous) at of the time of database query. There is currently an explosion of sequence data becoming available as sequencing shifts from "the human genome" to projects like HapMap and the 1000 human genomes project. As more data becomes available, the "frequency in humans" will change, even assuming even coverage of human populations. It has been long known that genetic polymorphisms often have strong racial biases, and this was evident in ALDH variants as well (Table III) . ALDH1B1*2, the inactive variant, is especially prevalent (≈40%) in Mexican and Asian populations, and has significant representation (11-27%) in the other racial populations sampled. This is intermediate between ALDH1B1*3 which appears to be widely distributed and even dominant in some populations, possibly because it has little to no effect on enzyme activity, and ALDH1B1*5 which is almost exclusively found in African populations. Recently, another human polymorphism of ALDH1B1 has been reported (V176I-rs113083991), which is also found in the coenzyme binding domain (44) . The prediction software PolyPhen-2, which classifies how likely polymorphisms are to affect protein function, correctly assigns ALDH1B1*2 as probably damaging and ALDH1B1*3 and ALDH1B1*5 as benign (45) . This software also classifies the mutation V176I as benign. Given the large number of mutations being discovered, predictive software and computational modeling will continue to play an important role in screening mutations and prioritizing experimental work, especially in cases where the recombinant protein is either difficult or time-consuming to obtain.
Computational-based Molecular Modeling of ALDH1B1 and its Polymorphic Variants
In all cases except one, docking analyses in the present study suggested that ALDH1B1 polymorphic variants would be able to metabolize the same substrates as the wild-type enzyme. The one exception was that no docking pose was found for all-trans retinaldehyde binding to ALDH1B1*3. Computational modeling indicated that in silico, this was due to a shift in a loop that resulted in narrowing of the substrate binding pocket. As the bulkiest substrate in this study, and one likely to be physiologically important, this means that all-trans retinaldehyde may be a good substrate to test mutations in which the substrate binding cavity may be narrowed. Additional experiments should be carried out to test whether all-trans retinaldehyde metabolism by ALDH1B1*3 is affected in vitro.
Altered cofactor binding plays a role in the changes in catalytic activity of many enzyme variants. An example of this is the ALDH2 polymorphism, ALDH2*2, in which the change in NAD + binding renders this enzyme catalytically inactive (46, 47) . In the present study, ALDH2 and ALDH1B1 were shown to have conserved cofactor binding modalities, with many shared hydrogen interactions, which placed NAD + in similar positions relative to the substrate, i.e., ≈5 Å distance. ALDH1B1*3 had the best NAD + binding profile with the most conserved interactions and a location near the substrate, followed closely by ALDH1B1*1. These proteins were both fully active in vitro as well. ALDH1B1*2 had a poor binding profile, characterized by few conserved interactions and a location far from the substrate. Lack of cofactor binding is the most likely explanation for the complete lack of enzyme activity seen for ALDH1B1*2 in vitro, documented in the present study. ALDH1B1*5 had a relatively poor binding profile where, despite a number of favorable conserved hydrogen bond interactions, the best docking pose showed a nicotinamide ring that was not appropriately bound to the binding cleft, leaving it far away from the substrate. Similar to ALDH1B1*2, LEU286 was shifted away from the binding site, decreasing the likelihood of necessary interactions. However, this enzyme was fully active in vitro. There are several possibilities which could explain these apparently disparate findings. First, it is possible that ALDH1B1*5 does, in fact, bind NAD + more poorly than wild-type enzyme, but this had no functional impact on the in vitro experiments because weak binding was overcome by high concentrations of cofactor. Second, the in silico results may simply reflect an artifact or error in the homology model or docking process which would not occur in vivo. Although protein expression was low, making it difficult to perform extensive kinetic studies for each substrate/cofactor, the apparent binding affinity of NAD + with ALDH1B1*5 should be determined in the future to determine which of these possibilities is occurring.
The pathophysiological implications of ALDH1B1 mutations remain to be established. Known mutations in other ALDH family members have been shown to play a role in a number of disease states (1) . Some of these include: increased risk for certain cancers and myocardial infarction with polymorphisms of ALDH2 (48) (49) (50) (51) ; increased risk of spina bifida with polymorphisms of ALDH1A2 (52); γ-hydroxybutyric aciduria with polymorphisms of ALDH5A1 (53); developmental and metabolic abnormalities with polymorphisms of ALDH6A1 (54); and Sjögren-Larsson syndrome with polymorphisms of ALDH3A2 (55) . Finally, a linkage analysis of Finnish families identified two chromosomal regions associated with bipolar disorder, 9p13.1, which contains ALDH1B1, among other candidate enzymes, and 7q31 (56) . Given the proposed roles for ALDH1B1, it is no surprise that polymorphisms with diminished catalytic activity could have significant pathophysiological consequences.
Present in the liver and intestinal tract and possessing a favorable Km, ALDH1B1 is likely to contribute to both firstpass and systemic acetaldehyde detoxification. Preliminary observations show that ALDH1B1 knockout mice clear acetaldehyde more slowly than wild-type mice, providing additional evidence for a role of ALDH1B1 in ethanol metabolism (Singh and Vasiliou, manuscript in preparation). Previously ALDH1B1 has been shown to metabolize acetaldehyde, and all ALDH1B1 variants are predicted to be capable of binding acetaldehyde, as reflected in appropriate docking poses (data not shown). However, poor cofactor binding in ALDH1B1*2 may prevent this variant from being catalytically active. This would help explain why ALDH1B1*2 was associated with changes in acetaldehyde toxicity in population association studies and ALDH1B1*3 was not (16, 17) .
In addition to the factors we have discussed here, other interactions that may affect the metabolic activity of ALDH1B1 variants warrant future experimental consideration. As one example, it will be important to know whether inactivating mutations are dominant or recessive. Similar to ALDH2, ALDH1B1 likely forms homotetramers. The ALDH2*2 variant is dominant negative, meaning that ALDH2*1/*2 heterotetramers are inactive and degraded (8, 57) . Work by Linneberg and colleagues suggests that this may not be the case with ALDH1B1*2 because the prevalence of ethanol hypersensitivity reactions increased in a trend-wise fashion (15% in ALDH1B1*1/*1, 19% in ALDH1B1*1/*2, and 31% in ALDH1B1*2/*2) (17). Although genotypes were not statistically tested individually in that study, this single result is not consistent with a dominant negative interaction. Additionally, in the present study, substrate/cofactor interactions have been modeled as monomers. This is a logical initial approach due to (i) the greatly increased computational cost of modeling a full tetrameric protein, and (ii) none of the mutations appear to reside in protein-protein interfaces. While state-of-the-art molecular dynamics software was used, the analyses in this study can be performed on a single modern PC over the course of days to weeks. Modeling of larger systems, such as a tetramer, requires many months to compute and may require more advanced computational resources. These considerations notwithstanding, future modeling should examine the effect that tetramers may have on either (i) restraining the shifts caused by the mutations or (ii) propagating amino acid shifts to dimer or tetramer partners.
CONCLUSIONS
Computational-based molecular modeling studies allow prediction of enzyme catalytic activities and may provide a mechanistic explanation of experimental results. The results of the present study offer a possible physicochemical explanation for the differences in ethanol sensitivity between ALDH1B1*2 and ALDH1B1*3. We demonstrated that ALDH1B1 metabolizes nitroglycerin and all-trans retinaldehyde. Computational modeling predicts that some ALDH1B1 polymorphic variants will be catalytically inactive due to poor substrate binding, and/or poor cofactor binding. Clearly, the diminished catalytic activity of the variants may adversely impact physiological processes in which ALDH1B1 has a functional role. As the in vivo functions of ALDH1B1 become more clearly defined, it will be important for investigators to consider the impact polymorphic variants may have in the manifestation of diseases or in variations in the efficacy of therapeutic interventions.
